Background: Small crustaceans in the order Anostraca that lack a carapace are commonly referred to as fairy shrimps. Eubranchipus is an Anostracan genus distributed across the Holarctic region. E. uchidai has been recorded only in Japan and has been considered the only species of Eubranchipus in the region.
E. uchidai in their frons, second antenna apophyses, antennal appendage and distal antennomere.
The existing descriptive studies of E. uchidai noted above [7, 8] present a number of unresolved problems. Drawings of male individuals in both papers do not match, especially with regards to the second antennae, which typically have been used to identify Anostracans at the species level [11, 12] . Female descriptions lack genital morphology. There is thus not yet a clear morphological description for E. uchidai. We therefore review E. uchidai based on the materials from Ishikari (the type locality), provide a comparison with materials from the three new localities, and finally describe three new species.
While several molecular phylogenetic studies of fairy shrimp species have been carried out [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , there as yet exist none performed on Japanese specimens, and little is known about phylogenetic relationships among Eubranchipus species from Eurasia and North America and insular species in Japan. To clarify the systematic position of the newly found species relative to E. uchidai, we therefore also determined the nucleotide sequences of a part of the cytochrome oxidase subunit 1 (COI) and 16S ribosomal RNA (16S rRNA) in the mitochondrial genome, and derived phylogenetic relationships from these data.
Methods

Specimens
We collected fairy shrimps from temporary pools in Ishikari, Shiretoko ( Fig. 3a and b) , Chokai ( Fig. 4a) and Khanka ( Geographical locations of fairy shrimp sample sites used in this study. Although Eubranchipus uchidai has also been reported from Shimotika [9] , we were unable to obtain specimens from that site. A map was obtained from a personal freely available web site (http://shanghai-cool.jugem.jp/?eid=5) and was processed 
Morphological characterization
We examined the morphology of the specimens with a stereo microscope, created manual drawings and carried out comparisons with the literature. At the genus level, we referred to [4, 5, 10, [25] [26] [27] [28] ; at the species level, we referred to [6-8, 26, 29-37] . We also used microscopic camera and created stacked images.
PCR and DNA sequencing for COI and 16S rRNA
Two individuals each from the three new location (Shiretoko, Chokai, and Khanka) and 54 E. uchidai individuals from Ishikari were used. Genomic DNA was extracted from muscle tissues using the standard protocol of the DNA Extractor FM Kit (Wako Pure Chemical Industries Ltd., Osaka, Japan). The primers for COI were khCOI-F (5′-TTG ATC AGG TAT GGT AGG CAC-3′) and khCOI-R (5′-CGT GTT CAG ATT ACG ATC CG-3′). These were designed based on relatively well-conserved regions from a multiple alignment of COI sequences from species in other Anostraca species (e.g., Artemia, Eubranchipus and Streptocephalus because COI primers designed by some previous studies were ineffective with some specimens used in the present study. The primers for the 16S rRNA were kh16S-F (5′-GCC TGT TTA TCA AAA ACA TGG C-3′) and kh16S-R (5′-CGG TTT GAA CTC AGA TCA CG-3′). These primers were designed by modifying 16Sa (5′-CGC CTG TTT ATC AAA AAC AT-3′) and 16Sb (5′-CTC CGG TTT GAA CTC AGA TCA-3′) in [38] . Reactions for each set were performed in a 10.0 μl mixture containing approximately 10 ng genomic DNA, 0.5 μM of each primer, and 1× KAPA 2G Fast Multiplex PCR Kits HS (KAPA Biosystems, Wilmington, MA, USA). Thermal cycling was performed in a GeneAmp PCR system 9700 (Applied Biosystems, Waltham, MA, USA). A two-step PCR method was employed: 95°C for 3 min, followed by 30 cycles of denaturation at 95°C for 10 s, then annealing and extension at 60°C for 2 min. The PCR products were confirmed by 1% agarose gel electrophoresis and purified using a High Pure PCR Product Purification Kit (Roche Diagnostics, Mannheim, Germany).
DNA sequencing was performed on the PCR products using the BigDye Terminator v1.1 Cycle Sequencing Kit and the ABI PRISM 310 Genetic Analyzer (Applied Biosystems, MA, USA). All sequencing was carried out at Yamagata University. Both strands of DNA were sequenced to confirm the sequence.
Although two specimens were sequenced for both COI and 16S from each of the three new locations, no nucleotide differences were found between the two sequences of any pair. We therefore assumed a single haplotype per location. In contrast, preliminary one-path sequencing for COI of E. uchidai indicated two types (44 for A type and 10 for B type as shown in Discussion) among 54 individuals. Thus two haplotypes are used for E. uchidai in the following phylogenetic analysis.
Phylogenetic analysis
COI nucleotide sequences for five Eubranchipus, six Chirocephalus, one Artemiopsis and one Branchinella species were retrieved from the DDBJ/EMBL/GenBank a b c International Nucleotide Sequence Database, and were used in conjunction with our newly determined sequences for the phylogenetic analysis. Data for five Artemia species [24] were also included. Similarly, 16S rRNA nucleotide sequences were retrieved for three Eubranchipus, three Chirocephalus, one Artemiopsis, three Artemia and one Branchinella species. Multiple alignments were performed using the MUSCLE program [39] , implemented in MEGA7 software [40] . The maximum likelihood method [41] was used to construct phylogenetic trees of COI, 16S and COI + 16S data using the RAxML software [42] with the GTR + G model [43] . Bootstrap probabilities [44] were computed from 500 replicates. A Bayesian approach [45] implemented in the MrBayes package version 3.2 [46] with the GTR + G model, and a 10,000,000 generations series was used for phylogenetic inference of COI + 16S data. Phylogenetic networks were constructed using the Neighbor-Net method [47] with p-distance implemented in SplitsTree4 [48] .
For a general overview of nucleotide differences among species, percentual pair-wise nucleotide difference per site for COI and 16S data was also estimated. Pair-wise p-distances in % were calculated using MEGA7.
Results
Eubranchipus uchidai (Kikuchi, 1957) Here we review Eubranchipus uchidai ( Fig. 6 and Fig. 7 ) based on the materials from the type locality at Ishikari. Morphological terminology predominantly follows [6, 25, 49] .
Male
Head (Fig. 6a and f ) subspherical, with flattened ventral portion bearing a subtrapezoidal labrum. Frons (Fig. 6b ) with a tiny, chitinized rostrum anteroinferiorly or absent. First antenna elongate, approximately the length of the second antenna proximal antennomere. Second antenna proximal antennomere subcylindrical, with a proximal, anteromedial conical apophysis. Apophysis chitinized, apically rounded and directed medially. Proximal antennomere with a posterobasal medial cone (Fig. 6f ) . Proximal antennomere bearing an anterior, proximal, lamellar antennal appendage ( Fig. 6c and h ) tapering from seven tenths of the length. Antennal appendage approximately the length of the second antenna and longer than its proximal antennomere. Antennal appendage with posterobasal medial-marginal spines directed posteriorly (Fig. 6c) . Medial margin proximal fourth smooth, with remaining medial margin bearing short digitiform papillae continuously. Lateral margin proximal seventh smooth, with remaining lateral margin bearing long digitiform papillae continuously; papillae gradually increasing in size to distal fourth, reaching the length of the horizontal width of the adjacent appendage at the medial and then decreasing in size to apex. All digitiform papillae terminating in a short spine and studded shorter spines laterally. Second antenna proximal-distal joint thinly chitinized anteriorly, turning into an angulated sleeve during retraction of the distal antennomere. Second antenna distal antennomere ( Fig. 6d and g ) chitinized, curved as sickle, tapering apically. Distal antennomere medial margin center portion swollen medially, forming a concavity in both anterior and posterior sides (Fig. 6d) . Anteromedial concavity continuing to the vertical distal end and posteromedial concavity joining to the distal end. Second antenna distal antennomere with a spiny, undeveloped, anterobasal bulge, and continuing with small spines along the ridge to the half of vertical distal. Distal antennomere medial margin with a subacute hook projection apically. Thoracic segments smooth, with eleven pairs of thoracopods on each side. Thoracopods serially homologous, increasing in size from the anterior pair to the fifth through eighth pairs, then decreasing in size posteriorly to the eleventh pair. Thoracopod V (Fig. 6e ) with two preepipods, epipod, exopod, endopod and five endites. Preepipods and epipod lobiform, glabrous. Exopod oblong, margined with long plumose setae. Endopod broad, flabellate, margined with short, stout plumose setae. Endites I and II broad, rounded, and margined with numerous long plumose setae. Endites III, IV and V digitiform, margined with several stout plumose setae and several long plumose setae. Genital segments with a pair of gonopods ventrally. Gonopod ( Fig. 6i ) with a proximomedial, chitinized, subacute projection, approximately one third the length of the gonopod proximal rigid portion. Proximal rigid portion cylindrical, slightly constricted in medial, with concavity in superior side. Concavity of slightly shorter width than the proximal rigid portion. Concavity projects a distal eversible portion from lateral side. Distal eversible portion acute, spinulate, directed superolaterally, same length as proximal rigid portion, and studded with small denticles. Abdomen smooth, cylindrical, with six segments. Telson cylindrical. Cercopods typical for genus.
Female
Head (Fig. 7a) subspherical. First antenna elongate, approximately 1.5 times the length of the second antenna. Second antenna oblong, with a long spine apically and a short spine medially. Thorax smooth, but last three thoracic segments bearing a pair of dorsolateral lobes on each segment ( Fig. 7b and d 
Differential diagnosis
E. uchidai shares similar morphology with Eubranchipus claviger (Fisher, 1851) and Eubranchipus rostratus (Daday, 1910), although males of this species are identified by tiny rostrum (differs from E. rostratus); conical, apically rounded apophyses (differs from E. rostratus); antennal appendage posterior side with medial-marginal spines along less than one third of its length (differs from E. claviger); antennal appendage medial margin with digitiform papillae along more than three fifth of its length (differs from E. rostratus); and undeveloped anterobasal bulge of distal antennomere. Females can be identified by dorsolateral linear lobes of the last two thoracic segments, and number of posterolateral spines on abdomen.
Comments
Materials on male individuals from Ishikari matched Kikuchi's original description except for one apophysis of the second antenna, as depicted in Fig. 2b of Moriya [8] . From this, we conclude that he drew the male left second antenna together with the unnecessary head and apophysis of the right second antenna in Fig. 2c . This combination was ambiguously indicated as "male left second antenna" in the caption, confusingly suggesting that the male second antenna possesses three apophyses. Kikuchi [7] also drew short spines on the antennal appendage medial margin root in Fig. 2b (Kikuchi's linear edge). However, this does not appear to be an accurate depiction, as spines project slightly medially along the medial margin of the antennal appendage posterobasally and are directed posteriorly. These posterobasal medial-marginal spines cannot be observed from the anterior side. We confirmed these spines for all specimens sampled in this study, including the three new species.
Description of three new species
Here we describe three new species of fairy shrimp: Eubranchipus asanumai n. sp. (Fig. 9) , Eubranchipus hatanakai n. sp. (Fig. 10) and Eubranchipus khankanus n. sp. (Fig. 11) . Both morphological and molecular analyses showed that the three new species are similar to E. uchidai but constitute distinct species.
Class Branchiopoda Latreille, 1817 Order Anostraca Sars, 1867 Family Chirocephalidae Daday, 1910 Genus Eubranchipus Verill, 1870 Eubranchipus asanumai n. sp. Takahashi (LSID: urn:lsid:zoobank.org:act:FCB8F6EA-3E26-4BF7-8734-5ECA341A6B62)
Diagnosis -male
Head (Fig. 9a) , frons, first antenna, second antenna proximal antennomere, apophysis and posterobasal medial cone as in E. uchidai. Second antenna proximal antennomere bearing an anterior, proximal, lamellar antennal appendage (Fig. 9g) tapering from the medial point onward. Antennal appendage approximately the length of the second antenna and longer than its proximal antennomere. Antennal appendage with posterobasal medial-marginal spines as in E. uchidai. Medial margin proximal fourth smooth, with remaining medial margin bearing short digitiform papillae and short spines sparsely. Lateral margin proximal eighth smooth, with remaining lateral margin bearing long digitiform papillae continuously; papillae gradually increasing in size to distal fifth, reaching 0. width of the adjacent appendage at the medial, then decreasing in size to apex. All digitiform papillae ornamented with spines as in E. uchidai. Second antenna proximal-distal joint as in E. uchidai. Second antenna distal antennomere (Fig. 9f ) chitinized, curved, tapering, with concavity, as in E. uchidai. Distal antennomere with a spiny, small anterobasal projection and continuing with spines along the ridge as in E. uchidai. Distal antennomere medial margin with an acute hook projection apically. Thorax, thoracopods, gonopod (Fig. 9d) , abdomen, telson and cercopods as in E. uchidai.
Diagnosis -female
Head (Fig. 9b) , first antenna, and second antenna as in E. uchidai. Thorax smooth, but last three thoracic segments bearing a pair of dorsolateral lobes on each segment ( Fig.  9c and e) . Ninth lobe rounded, smaller than tenth and eleventh lobes. Tenth and eleventh oval lobes projected posteriorly. Tenth lobe the largest. Thoracopods as in male. Brood pouch (Fig. 9e and h ) subspherical with tapered apex reaching to the fourth abdominal segment. Apex a quarter the width of the abdomen. Abdomen ( [50] ) of E. asanumai n. sp.
Type locality
Three hundred meters north of the outskirts of a trekking path (N: 44°07′53.5″, E: 145°04′56.5″, Fig. 3a 
Diagnosis -male
Head (Fig. 10a) , frons, first antenna as in E. uchidai and E. asanumai n. sp. Second antenna proximal antennomere subcylindrical, with a proximal anteromedial, tubular apophysis. Apophysis chitinized, apically rounded, and directed anteriorly. Proximal antennomere with a posterobasal medial cone as in E.uchidai and E.asanumai n. sp. Proximal antennomere bearing an anterior, proximal, lamellar antennal appendage (Fig. 10g) tapering from seven tenths of the length. Antennal appendage shorter than the second antenna but longer than its proximal antennomere. Antennal appendage with posterobasal medial-marginal spines as in E. uchidai and E. asanumai n. sp. Medial margin proximal fifth smooth, with remaining medial margin bearing short digitiform papillae and short spines sparsely. Lateral margin proximal eighth smooth, with remaining lateral margin bearing long digitiform papillae continuously; papillae gradually increasing in size to distal fourth, reaching 1.4 times the length of the horizontal width of the adjacent appendage at the medial, then decreasing in size to apex. All digitiform papillae ornamented with spines as in E. uchidai and E. asanumai n. sp. Second antenna proximal-distal joint as in E. uchidai and E. asanumai n. sp. Second antenna distal antennomere (Fig. 10f) chitinized, curved and with concavity, as in E. uchidai and E. asanumai n. sp. but more elongating to the distal end than these two species. Second antenna distal antennomere with an anterobasal projection and continuing with spines, as in E. asanumai n. sp. Distal antennomere medial margin without a hook projection apically. Thorax, thoracopods, gonopod (Fig. 10d) , abdomen, telson and cercopods as in E. uchidai and E. asanumai n. sp.
Diagnosis -female
Head (Fig. 10b) , first antenna, second antenna as in E. uchidai and E. asanumai n. sp. Thorax smooth, but last three thoracic segments bearing a pair of dorsolateral lobes on each segment ( Fig. 9c and e) . Ninth lobe rounded, smaller than tenth and eleventh lobes. Tenth oval lobe and eleventh lanceolate lobe projected posteriorly. Eleventh lobe cover half of the genital segments. Thoracopods as in male. Brood pouch ( Fig. 9e and h ) subcylindrical with tapered apex reaching to the third abdominal segment. Apex a quarter the width of the abdomen. Abdomen (Fig. 10e ) cylindrical, and with a pair of posterolateral spines on each segment from the last genital segment to the second abdominal segment. Telson and cercopods as in male.
Egg Spherical, diameter approximately 350 μm, bearing burrs at 10 μm intervals (Fig. 8c) .
Authorship
N. Takahashi and M. Hamasaki described E. hatanakai n. sp.
Etymology
E. hatanakai n. sp. is named after Yushi Hatanaka, who discovered this species. [50] ) of E. hatanakai n. sp.
Type locality
A temporary snowmelt pool in a reedy marsh in secondary forest of Quercus spp. and Zelkova serrata (Thunb.) Makino, covered with Sasa spp., at the base of Mount Chokai (Fig. 4a) .
Distribution and habitat
E. hatanakai n. sp. is known only from the type locality, from temporary pools created by snowmelt in forest groves on the south side of the base of Mount Chokai. This area is a lava-plateau formed by volcanic activity. The species has not been observed co-occurring with other fairy shrimps.
Eubranchipus khankanus n. sp. Takahashi & Moriya (LSID: urn:lsid:zoobank.org:act:9BB1B0ED-176B-468F-A692-6A745889F93F)
Diagnosis -male
Head (Fig. 11a) , frons, first antenna as in E. uchidai, E. asanumai n. sp. and E. hatanakai n. sp. Second antenna proximal antennomere subcylindrical, with a proximal anteromedial, conical apophysis. Apophysis apically rounded and directed medially as in E. uchidai and E. asanumai n. sp. but less chitinization. Proximal antennomere with a posterobasal medial cone as in E. uchidai, E. asanumai n. sp. and E. hatanakai n. sp. Proximal antennomere bearing an anterior, proximal, lamellar antennal appendage (Fig. 11g) tapering from seven tenths of the length. Antennal appendage approximately the length of the second antenna and longer than its proximal antennomere. Antennal appendage with posterobasal medial-marginal spines as in E. uchidai, E. asanumai n. sp. and E. hatanakai n. sp. Medial margin proximal seventh smooth, with remaining medial margin bearing short digitiform papillae and short spines sparsely. Lateral margin proximal seventh smooth, with remaining lateral margin bearing long digitiform papillae continuously; papillae gradually increasing in size to distal second, reaching 0.8 times the length of the horizontal width of the adjacent appendage at the medial, then decreasing in size to apex. All digitiform papillae ornamented with spines as in E. uchidai, E. asanumai n. sp. and E. hatanakai n. sp. Second antenna proximal-distal joint as in E. uchidai, E. asanumai n. sp. and E. hatanakai n. sp. Second antenna distal antennomere (Fig. 11f) chitinized, curved, tapering and with concavity, as in E. uchidai and E. asanumai n. sp. Distal antennomere with an anterobasal projection and continuing with spines, as in E. asanumai n. sp. and E. hatanakai n. sp. Distal antennomere medial margin with an obtuse projection apically. Thorax, thoracopods, gonopod (Fig. 11d) , abdomen, telson and cercopods as in E. uchidai, E. asanumai n. sp. and E. hatanakai n. sp.
Diagnosis -female
Head (Fig. 11b) , first antenna, second antenna as in E. uchidai, E. asanumai n. sp. and E. hatanakai n. sp. Thorax smooth, but last three thoracic segments bearing a pair of dorsolateral lobes on each segment (Fig. 10c and  e) . Ninth lobe rounded, smaller than tenth and eleventh lobes. Tenth and eleventh linear lobes as in E. uchidai, projected posteriorly slightly. Thoracopods as in male. Brood pouch (Fig. 10e and h ) subcylindrical with tapered apex reaching to the third abdominal segment. Apex one tenth the width of the abdomen. Abdomen (Fig. 11e) cylindrical, and with a pair of posterolateral spines on each segment from the last genital segment to the second abdominal segment. Telson and cercopods as in male.
Egg
Spherical, diameter approximately 400 μm, shallow engraving and densely covered with small scale-like projections 10-20 μm wide as in E. asanumai n. sp. (Fig. 8d) . Authorship N. Takahashi and H. Moriya described E. khankanus n. sp.
Etymology
E. khankanus n. sp. is named after Lake Khanka in Primorsky, Russia, the type locality of this new species. Accession numbers in the DDBJ/EMBL/GenBank International Nucleotide Sequence Database are LC314406 for COI, and LC314407 for 16S rRNA, taken from an individual obtained from the same locality as the holotype. Here these sequences are considered as topogenetypes (proposed by [50] ) of E. khankanus n. sp.
Type materials
Type locality
Small puddle in completely reclaimed hilly area with open forest of Salix spp. (Fig. 5a ). This snowmelt puddle was shallow and contained some aquatic Hemipterans, Coleopterans and Lepidurus sp.
Distribution and habitat
E. khankanus n. sp. is known only from the type locality. Marshes are spreading around this area. The species has not been observed co-occurring with other fairy shrimps.
Nucleotide sequences and phylogenetic trees
We obtained a 488 bp sequence for COI. One haplotype each was obtained from E. hatanakai n. sp., E. asanumai n. sp. and E. khankanus n. sp. Two haplotypes were obtained from E. uchidai, which we designated "haplotype A" and "haplotype B". There were 12 nucleotide differences (ten transitions and two transversions) in the 488 bp between the two haplotypes, all of which were synonymous. Nucleotide difference between the two types was 2.5% (≈ 12/488 × 100). We could not, however, find any morphological differences between the two haplotypes.
A phylogenetic tree ( Fig. 12) for Anostraca species was constructed using the COI sequences (Additional file 1: Table S1 ). Some studies [52] [53] [54] have found that the Chirocephalidae and Thamnocephalidae are more closely related to each other than they are to the Artemiidae, so we used the Artemia species as outgroups. In the Chirocephalidae cluster, Chirocephalus and Eubranchipus species from the North America were indicated as sister genera. Surprisingly, the Eubranchipus species from northern Japan and the Russian Far East formed a distinct cluster separate from the other Eubranchipus species (Fig. 12 ). E. hatanakai n. sp., E. asanumai n. sp. and E. khankanus n. sp. are unambiguously distinct from E. uchidai.
Nucleotide differences among the four species (excluding the comparison between A and B haplotypes of E. uchidai) were 9.4-15.6% (Additional file 2: Table S2) . These values are comparable to values among Chirocephalus species (7.2-19.7%) and among Artemia species (6.4-20.1%). In addition, all nucleotide substitutions among the four species were synonymous, indicating that the COI sequences determined in this study are subject to functional constraints and do not constitute pseudogenes such as nuclear mitochondrial (numt) DNA segments.
We also obtained a 489 bp sequence for 16S rRNA. As above, one haplotype was obtained each from E. hatanakai n. sp., E. asanumai n. sp. and E. khankanus n. sp., and comparison of the two haplotypes from E. uchidai showed seven nucleotide differences (six transitions and one transversion).
A phylogenetic tree ( Fig. 13 ) was constructed using these sequences (Additional file 3: Table S3 ). In this case, the collected Eubranchipus species from northern Japan and the Russian Far East formed a cluster with the North American and European Eubranchipus species, but were nevertheless distinct from them, as in the COI tree.
Nucleotide differences among the four species (excluding the comparison between A and B haplotypes of E. uchidai) were 2.6-4.3% (Additional file 4: Table S4 ).
These values are somewhat low but comparable to values among Chirocephalus species (6.4-9.2%) and among Artemia species (3.8-10.0%).
Phylogenetic trees reconstructed from both COI and 16S data showed lower bootstrap values for E. uchidai, E. khankanus n. sp., E. hatanakai n. sp. and E. asanumai n. sp., excluding 98% of A and B haplotypes of E. uchidai in the COI tree. When we reconstructed phylogenetic networks with E. uchidai, E. khankanus n. sp., E. hatanakai n. sp. and E. asanumai n. sp. using COI and 16S data, large reticulations were observed in both phylogenetic networks (Additional file 5: Figure S1 ). These reticulations indicate incompatible phylogenetic information, as may be caused by parallel and/or backward substitutions. In general, if there is no incompatible phylogenetic information in the data, a phylogenetic network automatically becomes Fig. 12 Phylogenetic tree of fairy shrimp species based on COI nucleotide sequence data. The tree was constructed using the maximum likelihood method [41] and the GTR + G model [43] . Scale bar: 0.1 nucleotide substitutions per site. Bootstrap values (percentages of 500 replicates) are shown at the nodes Fig. 13 Phylogenetic tree of fairy shrimp species based on 16S rRNA nucleotide sequence data. The tree was constructed using the maximum likelihood method [41] and the GTR + G model [43] . Scale bar: 0.05 nucleotide substitutions per site. Bootstrap values (percentages of 500 replicates) are shown at the nodes an unrooted phylogenetic tree. Thus, those parallel and/or backward substitutions result in lower bootstrap values.
We reconstructed a phylogenetic tree based on the concatenated COI and 16S data (Fig. 14) . Maximum likelihood and Bayesian methods both yielded identical topologies. The phylogenetic tree is also showed that E. hatanakai n. sp., E. asanumai n. sp. and E. khankanus n. sp. are unambiguously distinct from E. uchidai, and the Eubranchipus species from northern Japan and the Russian Far East formed a distinct cluster separate from the Eubranchipus species from North America.
Discussion
Comparison with Holarctic congeners
Far eastern species are readily separated from North American eleven species based on obvious morphological characteristics. Males are homologous in terms of a two-segmented second antenna bearing a lamellar antennal appendage. But the distal antennomere develops a ramus and lacks a complicated concavity, and the length of papillae on the antennal appendage does not exceed the width of the appendage. There are no North American species with a rostrum on the frons (note that the rostrum is not a labral appendage like as in Eubranchipus bundyi Forbes, 1876), and females do not have abdominal spines. Brood pouches are similar, basically subcylindrical with a short tapering apex.
The European species Eubranchipus grubii (Dybowski, 1860) shares more homological features with Far Eastern species. The male distal antennomere lacks a ramus and has a curved concavity. The frons (between the second antennae) possesses a distinct rostrum half the length of the proximal antennomere. The antennal appendage bears long papillae. The female brood pouch is similar but thoracic lobe is lateral.
To this extent, a morphological comparison of males agrees with the mitochondrial 16S sequence results in establishing a difference of Far Eastern species versus North American and European species. However, considering the morphological differences between European and North American species, the low divergence of these species is suggestive and may indicate mismatched morphological and molecular groupings. In females, the presence of abdominal spines corresponds with the separation from Far Eastern species suggested by the molecular grouping.
The inland Eurasian species Eubranchipus birostratus (Fisher, 1851), Eubranchipus hankoi (Dudich, 1927) and Eubranchipus vladimiri (Vekhoff and Vekhova, 1992) are similar in many respects. Males' distal antennomeres are sickle-like, have complicated concavities, and feature a large, spiny anterobasal projection. The frons projects a small rostrum which is however bifurcated. Remarkably, the antennal appendage has no digitiform papillae. The female brood pouch and thoracic dorsolateral lobe are similar, but they possess a broad abdomen without spines.
The arctic Eurasian species E. claviger and E. rostratus are most similar to the Far Eastern species examined in the present study. Males' proximal antennomeres bear posterobasal medial cones. The distal antennomere has a small, spiny anterobasal projection and complicated concavity. The antennal appendage develops digitiform papillae. The frons possesses a small, simply-shape rostrum. Females are similar to those of inland Eurasian species but possess a cylindrical abdomen with spines.
Systematic placement of males and identifiable females in far eastern species
The differential morphologies of the four Eubranchipus species are summarized in Table 1 and Fig. 15 . Anostracan males have second antenna that are modified into Fig. 14 Phylogenetic tree of fairy shrimp species based on COI and 16S rRNA nucleotide sequence data. The tree was constructed using the maximum likelihood method [41] and the GTR + G model [43] . Scale bar: 0.1 nucleotide substitutions per site. Bootstrap (percentages of 500 replicates)/Bayesian credibility values are shown at the nodes large claspers to amplex the female during copulation, which have been used as an identifying characteristic at the species level [11, 12] . The male of E. hatanakai n. sp. is readily identified by its longer distal, hookless antennomere and a tubular apophysis on the proximal antennomere. The other two new species and E. uchidai males are morphologically more similar with a distal antennomere hook and conical apophyses, but can still be distinguished from each other. This morphological relationship corresponds with mitochondrial COI and COI + 16S results regarding earlier divergence of E. hatanakai n. sp. and the closely related status of E. uchidai with E. asanumai n. sp. and E. khankanus n. sp. Of the species analyzed in the present study, the female E. asanumai n. sp. is readly identified by its subspherical brood pouch and the largest tenth thoracic dorsolateral lobes. However, differences were also discernible among the other three analyzed females, as in the males of those species. These included the shape of the brood pouch, the shape of thoracic dorsolateral lobes, and Fig. 6a and f) Chitinized, conical, apically rounded and directed medially (Fig. 9a) Chitinized, tubular, apically rounded and directed anteriorly (Fig. 10a) Less chitinization, conical, apically rounded and directed medially (Fig. 11a) Male, second antenna distal antennomere medial margin
With a subacute hook projection apically (Fig. 6g) With an acute hook projection apically (Fig. 9f) Without a hook projection apically (Fig. 10f) With an obtuse projection apically (Fig. 11f) Male, antennal appendage
Tapering from seven tenths of the length, medial margin bearing short digitform papillae continuously (Fig. 6h) Tapering from medial point, medial margin bearing short digitform papillae sparsely (Fig. 9g) Tapering from seven tenths of the length, medial margin bearing short digitform papillae sparsely (Fig. 10g) Tapering from seven tenths of the length, medial margin bearing short digitform papillae sparsely (Fig. 11g) Female, brood pouch Subcylindrical with fat apex (Fig. 7c and d) Subspherical with slim apex (Fig. 9e and h) Subcylindrical with slim apex (Fig. 10e and h) Subcylindrical with slim apex (Fig. 11e and h) Female, posterolateral spines of abdomen
On the first, second and third abdominal segments (Fig. 7d) On the first, second, third and fourth abdominal segments (Fig. 9e) On the first and second abdominal segments (Fig. 10e) On the first and second abdominal segments ( Tenth oval lobes and eleventh lanceolate lobes projected posteriorly, eleventh lobes cover half of the genital segments ( Fig. 10c and e) Tenth and eleventh linear lobes, identical in size, projected posteriorly slightly ( Fig. 11c and e) Fig. 15 Combination of the key morphologies (male second antenna apexes) and phylogenic tree shown in Fig. 14 different numbers of posterolateral spines on abdomen. However, these combinations of female characteristics allow less systematic clarification than in males, and correspondence with the molecular analyses carried out in the present study is not readily established. Female Anostracans generally offer few identifying characteristics useful for identification at the species level, and most species have primarily been described on the basis of male characteristics. Fewer females are found in proposed identification keys [6, 12, 49, 55] . Species separation based on females is possible for a part of the genus Eubranchipus based on the morphology of the amplexial groove, as shown by Rogers [11] . Following this author, the anostracan amplexus can be classified into three types. Species of the genus Eubranchipus possess a "lock and key" morphology, the lock being the female amplexial groove (the region on the female thorax between the base of the brood pouch and the last pair of legs) and the key being the male second antenna. Rogers [11] found that all female Eubranchipus in his collection possessed a well-developed amplexial groove and could be readily separated at the species level based on its morphology.
